Heterogeneous loss of function mutations in the vitamin D receptor (VDR) interfere with vitamin D signaling and cause hereditary vitamin D-resistant rickets (HVDRR). HVDRR is characterized by hypocalcemia, secondary hyperparathyroidism and severe early-onset rickets in infancy and is often associated with consanguinity. Affected children may also exhibit alopecia of the scalp and total body. The children usually fail to respond to treatment with calcitriol; in fact, their endogenous levels are often very elevated. Successful treatment requires reversal of hypocalcemia and secondary hyperparathyroidism and is usually accomplished by administration of high doses of calcium given either intravenously or sometimes orally to bypass the intestinal defect in VDR signaling.
Introduction
Vitamin D, when formed in the skin utilizing the energy of sunlight or ingested as dietary vitamin D, is an inactive precursor requiring two hydroxylation steps, first in the liver and then the kidney, to be converted to 1a,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 or calcitriol), the active hormone. As described in other chapters in this special issue. 1-4 1,25(OH) 2 D 3 then binds to the vitamin D receptor (VDR) to mediate the actions of the hormone. The VDR is present in selected cell types in most if not all tissues in the body and 1,25(OH) 2 D 3 /VDR complexes regulate multiple target genes in tissues containing the VDR. 5 Although non-skeletal actions of vitamin D have been found in all tissues harboring a VDR, the most well-recognized actions of vitamin D take place in the intestine, kidney, parathyroids and bone, organs that regulate calcium and phosphate metabolism and that are responsible for normal mineralization of bone. In the absence of either adequate amounts of the active hormone (1,25(OH) 2 D 3 ) or a functional receptor (VDR), calcium and phosphate absorption is impaired and hypocalcemia develops. This results in compensatory hyperparathyroidism, hypophosphatemia and skeletal defects in bone mineralization leading to under-mineralized portions of the bone matrix or osteoid. When this sequence of events occurs in children, the disease rickets develops; when it occurs in adults, osteomalacia develops. These conditions and the medical consequences for bone are discussed extensively in other chapters of this special issue. [6] [7] [8] [9] Nutritional vitamin D deficiency is the most common cause of rickets and osteomalacia worldwide. However, two rare genetic diseases due to mutations that interfere with synthesis of 1,25(OH) 2 D 3 or the actions of the VDR also cause rickets in children. These diseases, and the knockout mouse models of the two human diseases, have provided exceptional insight into the metabolic pathway of synthesis and the mechanism of action of 1,25(OH) 2 D 3 .
The critical enzyme to synthesize 1,25(OH) 2 D from 25(OH)D (when written without a subscript indicates D 2 or D 3 ), the circulating hormone precursor, is 25-hydroxyvitamin D-1ahydroxylase (1a-hydroxylase or CYP27B1). When this enzyme is defective due to various loss of function mutations, the result is an inability to synthesize adequate amounts of 1,25(OH) 2 D and the disease 1a-hydroxylase deficiency develops. 10 The disease is also known as vitamin D-dependent rickets type 1 (VDDR-I) or pseudovitamin D deficiency rickets (PDDR) and is described by Glorieux and Pettifor in this special issue. 8 When the VDR is defective due to a variety of loss of function mutations in the gene encoding the VDR, the result is impaired ability of the VDR to signal and to regulate target genes even in the presence of elevated 1,25(OH) 2 D concentrations and results in the development of the disease hereditary vitamin D-resistant rickets (HVDRR), also known as vitamin D-dependent rickets type II (VDDR II). Both diseases are rare autosomal recessive disorders characterized by hypocalcemia, secondary hyperparathyroidism and early-onset rickets. As will be discussed below in more detail, a crucial difference between the two diseases is that 1a-hydroxylase deficiency is characterized by extremely low serum 1,25(OH) 2 D levels while HVDRR, characteristically for a target organ resistant disease, is distinguished by elevated levels of 1,25(OH) 2 D, the ligand for the defective receptor. A second and critical difference between these diseases is that children with 1a-hydroxylase deficiency respond very well to calcitriol therapy while those with HVDRR are resistant to all forms of vitamin D therapy and require calcium treatment. In this chapter, we will focus on HVDRR but briefly discuss differences between these two genetic childhood diseases that present similarly with hypocalcemia and early-onset rickets.
We have recently reviewed the subjects of HVDRR 10-12 and associated alopecia, 13 and the current chapter adapts material from those papers with updates.
Overview of the Structure of VDR Relevant to HVDRR Mutations
As discussed by Pike et al, 1 the VDR is similar to the other members of the steroid-thyroid-retinoid receptor superfamily. Elucidation of the nature of naturally occurring mutations in children with HVDRR [10] [11] [12] 14 as well as laboratory-created mutations in the VDR [15] [16] [17] [18] [19] has contributed to our understanding of the functional domains of the VDR protein. 20 At the N terminus the VDR has a highly conserved DNA-binding domain (DBD) and in the C-terminal half of the protein a more variable ligand-binding domain (LBD). The DBD contains two finger-like structures of 12-13 amino acids each. Four cysteine residues bind one zinc atom to form each zinc-finger structure. 21 Regions of the DBD are critical both for DNA binding and also serve as a dimerization interface for interaction with the retinoid X receptor a (RXRa). 22, 23 The hinge region (amino acids residues 93-120) connects the DBD and LBD.
The VDR LBD is formed by amino acids 123-427. X-ray crystallography of the VDR showed that the LBD is composed of 12 a-helices (H1-H12) and 3 b-sheets (S1-S3). 20 Helix H12 forms a retractable lid that traps and holds 1,25(OH) 2 D in position. 1,25(OH) 2 D binding causes a conformational change in the VDR that promotes heterodimerization with RXRa. VDR heterodimerization with RXRa involves residues in H9, H10 and an E1 domain that overlaps H4 and H5 within the LBD. Activating function domain 2 (AF-2 domain) residues 416-424 of helix H12 and the region between amino acids 232-272 encompassing H3 and H4 are essential for transactivation. 20 The repositioning of helix H12 after 1,25(OH) 2 D binding is critical for the formation of a hydrophobic groove that binds LxxLL motifs (where L is leucine and x is any amino acid) in the nuclear receptor-interacting domains of coactivators. Other regions of the VDR also act to recruit coactivator proteins or facilitate contact with proteins associated with the core transcriptional machinery such as TFIIB or the TAFs. 24, 25 Heterogeneous lossof-function mutations in the VDR LBD that cause HVDRR have been shown to interfere with some aspect of 1,25(OH) 2 D binding or VDR signaling. The types of defects include ones that (1) completely abolish 1,25(OH) 2 D binding, (2) reduce VDR affinity for 1,25(OH) 2 D binding, (3) disrupt RXRa heterodimerization or (4) interfere with coactivator interactions. 11, 12 Mutations in the VDR DBD interfere with VDR binding to Vitamin D Response Elements (VDREs) in target genes and prevent the VDR/1,25(OH) 2 D complex from signaling target genes.
Premature stop mutations prevent the formation of adequate VDR protein or in fact result in no detectable VDR at all.
The Clinical Appearance of Children with HVDRR
Although born with normal calcium levels, children with HVDRR develop hypocalcemia early in infancy, often within months of birth and clinical rickets soon follows. 11, 12, 14, 26 Affected children have bone pain, muscle weakness, hypotonia and occasionally may have convulsions due to severe hypocalcemia. Some children have died, often of respiratory complications due to difficulty with normal chest cage movement. Pain in the lower extremities often leads to delays in their development of the ability to walk. Fractures and pseudofractures are common. Affected children are usually growthretarded and in many cases the children develop severe dental caries and/or hypoplasia of the teeth. 12, 14 Some children have alopecia either at birth or develop it in months after birth, which is an early sign of the disease and helps in the diagnosis especially in families that already have an affected child ( Figure 1) .
The laboratory findings include low serum concentrations of calcium and phosphate and often strikingly elevated serum alkaline phosphatase activity. The children exhibit secondary hyperparathyroidism with markedly elevated PTH levels. Many children with HVDRR also have alopecia. The molecular mechanisms that differentiate those with and without alopecia will be discussed below. When present, the extent of alopecia can vary from sparse scalp hair to total baldness and full-body alopecia including eyebrows and in some cases eyelashes ( Figure 1 ). 13 However, even when children have the identical VDR mutation, they may exhibit different patterns or extent of alopecia. 27 When present, alopecia is a useful sign to distinguish HVDRR from 1a-hydroxylase deficiency and other causes of rickets. Most affected children who exhibit alopecia are resistant to therapy with supra-physiologic doses of all forms of vitamin D including calcitriol, a critical difference compared with the responsiveness of children with 1a-hydroxylase deficiency.
HVDRR is an autosomal recessive disease with males and females equally affected. The parents of affected children, who are heterozygous carriers of the genetic trait, usually show no symptoms of the disease and have normal bone development.
In one recently published study, a child harboring a heterozygotic mutation in the gene encoding the VDR (Glu420Ala) developed clinically severe HVDRR due to dominant negative suppression of the wild-type allele. 28 The father, who carried the heterozygotic mutation, also had some unknown bone disease when young and as an adult had modestly elevated 1,25(OH) 2 D and PTH levels with low serum calcium levels. The mother was entirely normal and carried no VDR mutation. The E420A mutant VDR protein was expressed at higher levels than the WT VDR in the patient and father's fibroblasts. The higher amount of E420A mutant VDR protein most likely caused the resistance as studies of cells transfected with combinations of the E420A Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy mutant VDR along with the WT VDR demonstrated silencing of VDR signaling via the WT VDR. 28 However, in most studied cases, consanguinity is associated with the disease, with each parent contributing a defective gene. Occasionally in noncansanguinous cases, a different mutation has been found on each VDR allele (compound mutations) in the affected children so that the child has no normal VDR allele. [29] [30] [31] Mutations in the VDR Gene as the Molecular Basis for HVDRR Over 100 cases of HVDRR have been recorded and a number of these have been analyzed at the biochemical and molecular level. 11, 12, 14, 32 As discussed in our recent reviews, [10] [11] [12] 14 45 unique mutations have been identified in the VDR gene as the cause of HVDRR. Mutations in the DBD prevent the VDR from binding to DNA, causing total resistance to 1,25(OH) 2 D even though 1,25(OH) 2 D binding to the VDR is normal. On the other hand, mutations in the LBD may disrupt ligand binding or heterodimerization with RXRa, or prevent coactivators from binding to the VDR and cause partial or total hormone resistance. Other mutations that have been identified in the VDR that cause 1,25(OH) 2 D resistance include nonsense mutations, insertions/ substitutions, insertions/duplications, deletions and splice Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy site mutations. Some of these VDR mutations will be described below.
We are aware of 11 missense mutations that have been identified in the VDR DBD as the cause of HVDRR ( Figure 2) . These mutant VDRs exhibit normal ligand binding but defective DNA binding. 11, 12, 14 A common feature of patients with mutations in the DBD is that they all have alopecia. The heterozygotic parents with a single mutant allele are usually asymptomatic.
Several nonsense mutations have been identified in the VDR gene that truncate the VDR protein. 11, 12, 14 Fibroblasts from patients with VDR nonsense mutations exhibit no ligand binding and often the truncated VDR protein is not detected by immunoblotting. One particular mutation, a single base change in exon 8 that introduced a premature termination codon (Tyr295stop), was identified in several families that comprise a large kindred where consanguineous marriages were common. 33 The VDR mRNA was undetectable by northern blot analysis, indicating that the Tyr295stop mutation led to nonsense-mediated mRNA decay. Interestingly, in one family with an Arg30stop mutation, the parents of the affected child had somewhat elevated serum 1,25(OH) 2 D levels, indicating some resistance to 1,25(OH) 2 D. 34 All of the affected children with nonsense mutations had alopecia.
Splice site mutations in the VDR gene have also been identified as the cause of HVDRR. These mutations usually Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy cause a frameshift and eventually introduce a downstream premature stop signal, resulting in a non-functional VDR. Splice site mutations in the VDR gene cause exons to be skipped, 35, 36 or cause incorporation of an intron into the VDR mRNA. 37 In one case, a cryptic 5 0 donor splice site was generated in exon 6, which deleted 56 nucleotide bases and led to a frameshift in exon 7. 38 At this time we are aware of 20 missense mutations that have been identified in the VDR LBD ( Figure 2 ). 39, 40 Two patients had slightly different mutations in Arg 274 (Arg274Leu and Arg274His), a contact point for the 1a-hydroxyl group of 1,25(OH) 2 D 3 that lowered the binding affinity of the VDR for 1,25(OH) 2 D 3 . 20,39,41 A second patient had an His305Gln mutation that altered the contact point for the 25-hydroxyl group of 1,25(OH) 2 D 3 . 20, 42 This mutation also lowered the binding affinity of the VDR for 1,25(OH) 2 D 3 . These cases illustrate the importance of critical amino acids as contact points for 1,25(OH) 2 D 3 and demonstrate that mutations of these residues can often be the basis for HVDRR.
Mutations have also been identified in the VDR that disrupt VDR:RXRa protein interaction (heterodimerization) and thereby cause HVDRR. For example, the Arg391Cys mutation in the VDR LBD had no affect on ligand binding but reduced its transactivation activity. Arg391 is located in helix H10 where the RXRa dimerization interface is formed from helix H9 and helix H10 and the interhelical loops between H7-H8 and H8-H9 in VDR. 20 Arg391 was also mutated to serine (Arg391Ser). 30 Several other mutations have been identified in the VDR that affect VDR:RXRa heterodimerization including Gln259Pro and Phe251Cys. 38, 43 Gln259 was also mutated to glutamic acid (Gln259Glu). 44 A Val346Met mutation was identified in a patient with HVDRR that may be important in RXRa heterodimerization. 45 All of the patients with defects in VDR:RXRa heterodimerization had alopecia.
A very informative mutation has also been identified in the VDR that prevented coactivator recruitment that is critical for transcriptional activity. 46 An Glu420Lys mutation located in helix H12 caused no defect in multiple steps in VDR gene regulation including ligand binding, VDR:RXRa heterodimerization or DNA binding. However, the Glu420Lys mutation abolished VDR binding by the coactivators SRC-1 and DRIP205. Interestingly, the child with the Glu420Lys mutation, although full-blown rickets was present, did not have alopecia. 46 Importantly, this finding suggested that ligand-mediated transactivation and coactivator recruitment by the VDR, which is crucial to prevent rickets, is not required for normal hair growth.
Several compound heterozygous mutations in the VDR gene have been identified in children with HVDRR. In these cases each heterozygotic parent harbored a different mutant VDR and parental consanguinity was not involved. One patient was heterozygous for a Glu329Lys mutation and also had a second mutation on the other VDR allele that deleted a single nucleotide 366 (366delC) in exon 4. 47 The single-base deletion resulted in a frameshift creating a premature termination signal that truncated most of the LBD. Glu329 in helix 8 is important for heterodimerization with RXRa and the Glu329Lys mutation likely disrupts this critical step in the activation pathway. Leu263Arg and Arg391Ser compound heterozygous mutations were also identified in the VDR gene in a child with HVDRR and early-childhood-onset type 1 diabetes. 30 The mutant VDRs in this case exhibited differential effects on 24-hydroxylase and RelB promoters. The 24-hydroxylase responses were abolished in the Leu263Arg mutant but only partially altered in the Arg391Ser mutant. On the other hand, RelB responses were normal for the Leu263Arg mutant but the Arg391Ser mutant was defective in this response. 30 The reason for the differential activities of these VDR mutants is unknown. Compound heterozygous mutations were also found in the VDR gene in a patient with HVDRR and alopecia. 29 The patient was heterozygous for a nonsense mutation Arg30stop and a 3-bp deletion in exon 6 that deleted the codon for lysine at amino acid 246 (DLys246). The DLys246 mutation did not affect ligand binding but abolished heterodimerization with RXRa and binding to coactivators. 29 Compound heterozygous mutations were also found in the VDR gene in a patient with HVDRR without alopecia. 31 The patient was heterozygous for two missense mutations Thr146Ile and Arg158Cys in the VDR LBD ( Figure 2) .
Two cases of insertions/duplications in the VDR gene causing HVDRR have been reported. In one case, a unique 5-bp deletion/8-bp insertion was found in the VDR gene. 48 The mutation deleted amino acids Lys141 and Thr142 and inserted three amino acids (Leu141, Trp142 and Ala143). Only the Ala143 insertion into the WT VDR disrupted transactivation to the same extent as the natural mutation. The patient with this mutation did not have alopecia. In the second case, a 102-bp insertion/ duplication was found in the VDR gene, which introduced a premature stop (Tyr401stop) and deleted helix H12. 49 The truncated VDR was able to heterodimerize with RXRa, bind to DNA and interact with the corepressor hairless (HR) but failed to bind coactivators and was transactivation-defective. The patient with this mutation had patchy alopecia.
There is only a single reported case where investigators failed to detect a mutation in the VDR as the basis of HVDRR. 50 In this case the authors speculated that the resistance to the action of 1,25(OH) 2 D was due to abnormal expression of hormone response element-binding proteins belonging to the hnRNP family, which prevented the VDR:RXRa complex from binding to VDREs in target genes. 51 
Animal Models of HVDRR: the VDR-Null Mouse
Mouse models of HVDRR have been created in the laboratory by several groups using targeted ablation of the VDR [52] [53] [54] [55] and lessons for the human disease learned from the mouse models are discussed by Eisman and Bouillon in this special issue. 4 The targeted region of the VDR to create the knockdown has been the DBD domain. The VDR-null mice (VDRKO) recapitulate the findings in the children with HVDRR. The VDR-null mice appear normal at birth and become hypocalcemic and their PTH levels rise sometime after weaning. Bone mineralization is severely impaired and the changes of rickets develop over time. The VDR-null mice have normal hair at birth but develop progressive alopecia, thickened skin, enlarged sebaceous glands and epidermal cysts. 52, 53 The metabolic derangements are usualy fatal. In one VDR-null mouse model uterine hypoplasia with impaired folliculogenesis was found in female reproductive organs but it was not completely clear whether this was secondary to hypocalcemia or the VDR defect. 53 When the VDR-null mice are fed a 'rescue' diet, their calcium can be normalized and the rickets reversed or prevented as was described for children with HVDRR successfully treated with intravenous or oral calcium supplements. [10] [11] [12] 14 Many
Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy non-skeletal abnormalities seen in the hypocalcemic mice are prevented by the rescue diet, indicating that many abnormalities resulted from the hypocalcemia and were not directly caused by the absence of a functional VDR. However, again as in children with HVDRR, the alopecia is not reversed or prevented by normalization of calcium homeostasis. 13 A spontaneous case of HVDRR in a Pomeranian dog was recently described. 56 The dog had characteristic findings of HVDRR with marked hypocalcemia, elevated 1,25(OH) 2 D levels and partial alopecia. The VDR mutation was a deletion causing a frameshift at Arg175 and a premature termination of the VDR protein. The dog had severe bone disease and developed a spinal fracture of T11 causing acute spinal cord compression requiring euthanization.
Treatment of HVDRR
Mutations in the VDR that cause HVDRR result in partial or total resistance to the action of 1,25(OH) 2 D. 11, 12, 14 Despite elevated levels of 1,25(OH) 2 D, the patients become hypocalcemic. The mechanism appears to be predominately due to a lack of VDR signaling in the intestine to promote calcium absorption by a lack of upregulation of a series of intestinal target genes including TRPV6 and calbindin-9k [57] [58] [59] [60] (and see Christakos et al in this special issue 3 ). The hypocalcemia leads to secondary hyperparathyroidism and hypophosphatemia, causing a decrease in bone mineralization and the development of rickets. Some HVDRR patients improve both clinically and radiologically when treated with pharmacological doses of vitamin D ranging from 5,000-40 000 IU per day; 20-200 mg per day of 25(OH)D 3 and 17-20 mg per day of 1,25(OH) 2 D 3 . 11, 12, 14 Some patients also responded to 1a(OH)D 3 . 11, 12, 14 The patient with the His305Gln mutation, a contact point for the 25-hydroxyl group of 1,25(OH) 2 D 3 , showed improvement with 12.5 mg per day calcitriol treatment. 42, 61 On the other hand, the patient with the Arg274Leu mutation, a contact point for the 1a-hydroxyl group of 1,25(OH) 2 D 3 , was unresponsive to treatment with 600 000 IU vitamin D, up to 24 mg per day of 1,25(OH) 2 D 3 or 12 mg per day 1a (OH)D 3 . 62 Mutations that may respond to treatment with vitamin D and its metabolites are usually in the LBD, which cause a reduced binding affinity for 1,25(OH) 2 D that can be overcome by increasing the concentration of ligand. Mutations that cause premature termination of the protein, that prevent DNA binding or RXRa dimerization or that prevent coactivator binding do not respond to hormone therapy. Except for coactivator-binding defects these are the same mutations that are associated with alopecia. [10] [11] [12] [13] [14] When patients fail to respond to vitamin D or calcitriol, as in most cases, intensive calcium therapy is used. 11, 12, 14 Oral calcium can be absorbed in the intestine by both vitamin D-dependent and vitamin D-independent pathways. 3 In children with non-functional VDR, the vitamin D-independent pathway becomes critical. When oral calcium therapy is successful, the calcium levels in the gut have been raised high enough so that passive diffusion or other non-vitamin D-dependent absorption is adequate to achieve and maintain normocalcemia. The high calcium may in fact induce expression of transport components like calbindin 9k and TRPV6. 63 Intravenous (IV) calcium infusions are used to treat children with HVDRR who failed prior treatments with large doses of vitamin D derivatives and/or oral calcium. [64] [65] [66] [67] [68] Delivery of calcium by the IV route bypasses the calcium absorption defect in the intestine caused by the lack of action of the mutant VDR. 11, 12, 27 However, in affected children receiving IV calcium, when the IV therapy is discontinued the syndrome recurs slowly over time. Some children have been managed with intermittent IV calcium regimens using oral calcium in the intervals. 27, 36 Once the child is older, perhaps when the skeleton has finished its major growth or when puberty initiates sex hormone secretion, oral calcium often suffices to maintain normocalcemia and the IV calcium regimen can be discontinued. 12, 68 Oral calcium alone has sometimes been successfully used as a therapy for HVDRR patients from the outset. [10] [11] [12] 69 In one study calcium delivered via the enteral route using a gastric tube was successful in reversing the metabolic abnormalities in a case of HVDRR when maintaining an IV became problematic in a young child due to repeated infections of the intravenous line. 70 A recent study has suggested the use of Cinacalcet as an adjunctive therapy for treatment of the secondary hyperparathyroidism in HVDRR. 71 In this study the authors emphasized that secondary hyperparathyroidism from inadequate calcium absorption in the intestine contributed to the underlying pathophysiology for rachitic changes in HVDRR. They described a novel use of Cinacalcet to treat a child with HVDRR in whom conventional modes of therapy had to be discontinued. This drug acts as a calcimimetic and is used most often in renal disease to suppress secondary hyperparathyroidism. Cinacalcet therapy along with high-dose oral calcium effectively normalized the hyperparathyroidism and other metabolic abnormalities in their patient. The authors suggested that the relative ease of administration of the calcimimetic as a once-or twice-daily oral preparation, compared with traditional intravenous calcium administration, should encourage its move to the frontline of treatment of HVDRR. Although only reported in this single case of HVDRR thus far, the concept has an excellent rationale and appears that it would be especially useful in those cases where suppression of elevated PTH is hard to achieve with calcium alone.
Spontaneous healing of rickets has been observed in some HVDRR patients as they get older and all therapy sometimes can be discontinued. 10, 12, [72] [73] [74] In all of the cases regardless of the therapy, if alopecia is present, it remains unchanged by the treatment despite normalization of calcium and all metabolic parameters including healing of rickets. [10] [11] [12] [13] [14] An interesting finding is that raising the serum calcium to normal concentrations by IV or oral calcium administration reversed all aspects of HVDRR including hypocalcemia, hypophosphatemia, secondary hyperparathyroidism, rickets, elevated alkaline phosphatase, and so on, except for alopecia. [10] [11] [12] [13] [14] Correcting the hypocalcemia often corrects the hypophosphatemia without the need for phosphate supplements, although some children with extremely decreased serum phosphate have been treated with phosphate. 36 This finding indicates that the low phosphate was predominantly caused by secondary hyperparathyroidism, which normalizes with correction of the hypocalcemia even in the absence of VDR action. The role of the FGF 23/Klotho axis on phosphate metabolism and 1,25(OH) 2 D levels 75 (and Fukomoto in this special issue 76 ) has not been examined in HVDRR.
One important conclusion from these studies is that the most important actions of 1,25(OH) 2 
D on calcium and bone
Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy homeostasis occur in the intestine on calcium absorption and not in the bone. The ability of the rachitic bone abnormality to normalize in the absence of VDR-mediated vitamin D action in bone was surprising. The data are incomplete in patients about whether the bones are entirely normal and careful studies of the bone histology in VDR-null mice suggest that subtle defects remain in the bones of VDR-null mice whose serum calcium had been corrected by a rescue diet. 77 However, the reversal of all clinical aspects of HVDRR with IV calcium does indicate that healing of the bones and reversal of secondary hyperparathyroidism and hypophosphatemia can take place without normal VDR-mediated vitamin D action. 12, 14 There is no doubt that vitamin D has important actions on bone and parathyroid cells, 5 as discussed in many chapters in special issue. [78] [79] [80] However, these actions can apparently be compensated for in vivo if the calcium level is normalized. That high doses of oral calcium can improve hypocalcemia in children with HVDRR suggests that VDR-independent pathways of calcium absorption must come into play in the absence of functional VDR. Intestinal calcium absorption is known to have paracellular as well as transcellular pathways, and the paracellular route is dependent on high concentrations of calcium within the intestine. 81 This mechanism may contribute to the benefits of oral calcium supplementation in the children with HVDRR. However, some children with HVDRR appear to actually 'outgrow' their requirement for calcium supplementation as they grow older, and they can do well with no supplementation at all requiring an additional explanation to just raising the concentration of intestinal calcium. This phenomenon occurs around the time of puberty or even before. In a recent paper Chaturvedi et al. 82 described the clinical course of three children with the previously reported Arg73X mutation leading to an early truncation in the VDR. The authors detail their findings and support the idea that VDR-independent pathways become operative as children grow up. 82 As described by Fudge and Kovacs, 83 vitamin D receptor-independent mechanisms of intestinal calcium absorption are operative in the placenta and thus may supply normal calcium to the fetus because mineral metabolism is apparently normal at birth in HVDRR infants. 82 As has been noticed in multiple cases of HVDRR, as the affected children grow up, their requirement for calcium supplementation diminishes and calcium can even be discontinued with continued normal mineral metabolism, suggesting that an adaptation occurs with a transition to a VDR-independent pathway to regulate intestinal calcium absorption. One possible explanation is a role for estrogens, which have been shown to upregulate calcium transporter genes by VDR-independent mechanisms. 84, 85 Some HVDRR children appear to 'outgrow' their metabolic defect sometime toward the end of puberty when they no longer require calcium supplementation to normalize their serum calcium levels and prevent secondary secondary hyperparathyroidism. To understand the mechanism for the spontaneous normalization of calcium metabolism Tiosano et al. 86 used stable calcium isotopes to study calcium absorption. Fractional calcium absorption (FCA) in HVDRR patients aged 1.5-17 years was 34.9±11.2% compared with 57.3 ± 2.0% in age-matched controls (Po0.00004), whereas in HVDRR patients aged 18-26 years, it was 82.0 ± 7.8 in subjects and 53.6±1.2% in controls (Po0.001). FCA of HVDRR patients older than 29 years was comparable to controls. Femoral-neck BMD Z-score was À 2.38 ± 0.3 in patients under 18 years and improved to 0.28±0.87 in post-pubertal patients (Po0.0001). Bone structure by high-resolution magnetic resonance imaging and bone parameters of HVDRR patients and controls were similar. The authors concluded that calcium absorption is highly vitamin D-dependent during infancy until the end of puberty, after which time there is a period of B10 years in which mechanisms other than vitamin D-dependent ones are substantially involved in calcium absorption and are responsible for the improvement in metabolic status of HVDRR children who are metabolically normal without supplemental calcium.
Alopecia
The molecular analysis of the VDR from HVDRR patients with and without alopecia has provided several clues to the functions of the VDR that are important for normal hair growth. [10] [11] [12] [13] [14] For example, children with vitamin D deficiency or with 1a-hydroxylase deficiency do not develop alopecia, suggesting that the absence of vitamin D action is not the cause of alopecia. Patients with premature stop mutations have alopecia, suggesting that the intact VDR protein is critical for renewed hair growth after birth. 52, 53 Forced expression of the wild-type VDR in keratinocytes of VDR-null mice prevented alopecia, a finding that further supports a role for the VDR itself (ligandindependent) in regulating hair growth and a critical role for keratinocytes. 87 Patients with DBD mutations, similar to some VDR-null mice, also have alopecia indicating that VDR binding to DNA is critical to prevent alopecia. Patients with VDR mutations that inhibit RXRa heterodimerization have alopecia, indicating an essential role for VDR:RXRa heterodimers in hair growth. 38, 40, 43 Inactivation of RXRa in keratinocytes in mice also caused alopecia, clearly demonstrating a role for RXRa in normal hair growth. 88 On the other hand, patients with VDR mutations that abolish ligand binding do not develop alopecia, suggesting that a ligand-independent action of the VDR may be critical to regulate the normal hair cycle. 13, 46, 55, [89] [90] [91] The patient with the Glu420Lys mutation that abolished coactivator binding (but not ligand binding, RXRa heterodimerization or DNA binding) did not have alopecia despite having severe metabolic defects and rickets, indicating that VDR actions to regulate hair growth were independent of coactivator interactions. 46 Also, when ligand-binding-defective or coactivator-bindingdefective mutant VDRs were specifically expressed in keratinocytes in VDR-null mice that have alopecia, hair growth was fully or partially restored. 91 Cumulatively, the data indicate that unliganded VDR is the essential factor that acts to prevent alopecia.
As shown in Figure 1 , various patterns of alopecia occur ranging from total absence of hair to diffuse sparse hair, to areas of absent hair adjacent to areas with hair. There does not appear to be a correlation of the alopecia pattern and the type of mutation present. In fact, unrelated children with the same mutation showed different patterns of alopecia (Figure 1) . 27 The mechanism behind the development of these diverse patterns of alopecia is unknown.
Regarding the mechanism by which unliganded VDR prevents alopecia, the definitive answer is still unclear. The alopecia associated with HVDRR is clinically and pathologically indistinguishable from the generalized disease atrichia with papular lesions (APL, OMIM#209500) found in patients with mutations in the hairless (hr) gene. 47, 92, 93 APL is a rare autosomal recessively Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy inherited form of irreversible alopecia characterized by alopecia and by papular lesions of keratin-filled cysts on various regions of the body caused by mutations in the hr gene that encodes the HR protein. Similar skin lesions can be seen in HVDRR patients, although generally less prominently. 47 HR acts as a VDR corepressor that directly interacts with the VDR and suppresses 1,25(OH) 2 D 3 -mediated transactivation. 89, 93, 94 It has been hypothesized that the role of the VDR in the hair cycle is to repress the expression of a gene(s) in a ligand-independent manner. 46, 55, 89, 91, 93 The ligand-independent activity requires that the VDR heterodimerize with RXRa and bind to DNA. 46, 90 The corepressor actions of HR may also be required in order for the unliganded VDR to repress gene transcription during the hair cycle. Mutations in the VDR that disrupt the ability of the unliganded VDR to suppress gene transcription are hypothesized to lead to the derepression of a gene(s) whose product, when expressed inappropriately, disrupts the hair cycle that ultimately leads to alopecia. 46, 55, 89, 91, 93 Inhibitors of the Wnt signaling pathway are possible candidates. 13, [95] [96] [97] 
Recent Data on Children with HVDRR as they Grow Up
In recent years there have been many new actions attributed to vitamin D that mediate important and wide-spread effects on a number of target organs and diseases that are unrelated to calcium and bone homeostasis. 5 These extra-skeletal effects include actions to reduce the risk of cancer, autoimmune disease, infection, neurodegeneration, hypertension and cardiac disease, and so on. At this time a trend toward an increased risk for any of these potential problems in the children with HVDRR has not been detected. 12 However, there are very few cases of HVDRR and most of the cases are detected in infants and young children, so that it may be too early in their life to detect an increased tendency toward any of these potential health problems.
For example, ordinary vitamin D deficiency has been linked to hypertension and an increased prevalence of cardiovascular risk factors and disease. 98, 99 Studies in VDR-null mice have revealed an overactive renin-angiotensin system (RAS) and consequent high blood pressure and cardiac hypertrophy. 55, 100 This aspect of the cardiovascular system was studied in 17 age-and gender-matched HVDRR subjects (9 males, 8 females, aged 6-36 years). 101, 102 In addition to the vitamin D axis, RAS was studied. Serum calcium, phosphorus and alkaline phosphatase values were normal. Serum 1,25(OH) 2 D and PTH were elevated but not plasma renin activity or angiotensin-converting enzyme (ACE). Angiotensin II levels were higher than normal in the HVDRR patients but not significantly different from those of the controls. Aldosterone levels were normal in all HVDRR patients. No HVDRR patient had hypertension or echocardiographic pathology. These findings reveal that 6-to 36-year-old humans with HVDRR have normal renin and ACE activity, mild but non-significant elevation of angiotensin II, normal aldosterone levels and no hypertension or gross heart abnormalities. Whether these young subjects will eventually develop an increased risk for hypertension and cardiac disease remains to be seen. However, the number of subjects is very small and they are still very young. Only further study over time will reveal whether adults with HVDRR have increased risk for the many non-skeletal abnormalities associated with vitamin D deficiency.
HVDRR Cells Used as Reagents to Study Actions of the VDR
For many years the nuclear receptor field has gradually come to recognize that steroid receptors mediate non-genomic actions that occur too rapidly to be caused by induction of new mRNA and translation of new proteins by the classic genomic pathway. 103 In the vitamin D field the exploration of rapid actions started with the finding of transcaltachia, a rapid action of 1,25(OH) 2 D on intestinal calcium transport. 104 However, despite many advances in this field with other nuclear receptors, acceptance of the concept that 1,25(OH) 2 D mediated non-genomic actions was viewed with some skepticism. We recognized that HVDRR mutant human fibroblasts would be an ideal reagent to study whether VDR indeed mediated nongenomic actions and in collaboration with Rebecca Mason's group we undertook experiments to clarify the role of the 1,25(OH) 2 D/VDR pathway in the rapid actions in the skin that Mason's group had discovered to protect against DNA damage due to ultra-violet radiation (UVR) exposure. 105 Our findings indicated that human fibroblasts harboring wild-type VDR could mediate protection against UVR DNA damage. However, a VDR with a DBD point mutation that failed to induce genomic actions could still mediate photoprotection, while a mutant VDR with early termination and no VDR failed to mediate photoprotection. 106 Photoprotection also remained in HVDRR fibroblasts expressing a VDR with a mutation in helix H1 of the classical LBD. Both DBD and LBD defects that resulted in a failure to mediate genomic responses could still mediate photoprotection, implicating non-genomic responses for photoprotection.
These findings provide evidence that mutant VDRs that were unable to mediate classic genomic activity were still capable of inducing the rapid actions of DNA photoprotection. This evidence provides strong support for the hypothesis that the VDR is required and involved in rapid, non-genomic actions. The story is more complicated in that ERp57 is also involved and is essential for the rapid action of DNA photoprotection. Evidence for an alternate 1,25(OH) 2 D membrane receptor, endoplasmic reticulum stress protein 57 (ERp57), also known as membraneassociated rapid response steroid-binding protein (MARRS) and protein disulfide isomerase family A, member 3, has also been reported. 107, 108 The data implicate both the VDR and ERp57 as critical components for actions of 1,25(OH) 2 D against DNA photodamage, but the VDR does not require normal DNA binding or classical ligand binding to mediate photoprotection. 106 Previous observations in mice showed that the subcutaneous and visceral white adipose tissue depots were smaller in VDRKO mice than WT mice. 109 The fat that was present had features of brown fat including multilocular fat droplets and elevated levels of uncoupling protein 1 (UCP1), the critical protein for uncoupling fatty acid oxidation in brown fat and burning energy, implicating the VDR in adipocyte metabolism and lipid storage. However, the relevence of these findings for humans was unclear. Malloy and Feldman 110 used the HVDRR fibroblasts to examine the role of the VDR in regulating adipocyte metabolism in human cells. The HVDRR and normal human fibroblasts were differentiated into adipocyte-like cells that accumulated many lipid droplets and expressed the pan fat cell marker fatty acid binding protein 4 (FABP4). UCP1 was found to be over-expressed in the HVDRR cells including cells Hereditary vitamin D-resistant rickets D Feldman and PJ Malloy that had no VDR. In contrast, UCP1 levels were suppressed in normal control cells with WT VDR, suggesting that the VDR represses UCP1 expression. Chromatin immunoprecipitation analyses showed that the inhibition is enforced by VDR occupancy of a negative response element in the promoter proximal region of the UCP1 gene. These studies were performed in the absence of 1,25(OH) 2 D 3 , indicating that the unligand VDR regulates UCP1 expression.
Conclusions
The biochemical and genetic analyses of the VDR in HVDRR patients has yielded important insights into the structure and function of the receptor that mediates 1,25(OH) 2 D action. Mechanistic studies using the VDR-null mouse, a model of the human disease, have added much to our understanding of the molecular biology of the 1,25(OH) 2 D/VDR mechanism of action. 55 Study of the affected children with HVDRR continues to provide a more complete understanding of the biological role of 1,25(OH) 2 D in vivo in humans. A concerted investigative approach of HVDRR at the clinical, cellular and molecular level has proven exceedingly valuable in gaining knowledge about the functions of the domains of the VDR protein and in elucidating a detailed understanding of the mechanism of action of 1,25(OH) 2 D. These studies have been essential to promote the well being of the families with HVDRR and in improving the diagnostic and clinical management of this rare genetic disease.
